Insulin plays a key role in the stimulation of glucose uptake in tissues, such as muscle and adipocytes, as well as in the maintenance of glucose homeostasis. Impairment of insulin's ability to stimulate glucose uptake in the tissues is a major factor responsible for insulin resistance associated with type 2 diabetes.
Insulin plays a key role in the stimulation of glucose uptake in tissues, such as muscle and adipocytes, as well as in the maintenance of glucose homeostasis. Impairment of insulin's ability to stimulate glucose uptake in the tissues is a major factor responsible for insulin resistance associated with type 2 diabetes.
1) The primary mechanism of insulinstimulated glucose uptake in muscle and adipocytes is through the translocation of glucose transporter 4 (GLUT4) from intracellular pools to the plasma membrane.
2) Insulin signal transduction is initiated by binding to the insulin receptor, followed by activation of the receptor tyrosine kinase (RTK). 3, 4) The activated RTK induces activation of downstream signaling pathways, such as phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways. The translocation of GLUT4 to the plasma membrane was established to be mediated through the PI3K pathway, based on the use of pharmacological inhibitors, and expression of a dominant negative mutant or constitutively active form of PI3K. [5] [6] [7] [8] [9] Flavonoids, which are primarily phenylbenzo-g-pyrone (phenylchromone) derivatives, are polyphenolic compounds present in fruits, vegetables, and beverages. 10) It has been reported that flavonoids possess a variety of biological activities, including anti-inflammatory, anti-oxidant, anti-bacterial, anti-cardiovascular disease, and anti-cancer activities. 11) These actions were suggested to result from changes in the activity of a number of intracellular enzymes, including tyrosine kinases, protein kinase C, PI3K, and MAPK. [11] [12] [13] [14] The findings suggest that flavonoids may modify insulin-stimulated glucose uptake by modulating insulin RTK and/or PI3K activity in muscle or adipose cells. Indeed, several reports have shown that flavonoids, such as myricetin, quercetin, catechin-gallate, genistein, and naringenin, inhibited insulinstimulated glucose uptake in adipocytes. [15] [16] [17] However, the inhibitory mechanisms may be different for flavonoids of different classes or structures. Bazuine et al. 15) reported that genistein, an isoflavone, directly inhibited insulin-stimulated glucose uptake in mouse 3T3-L1 adipocytes. On the other hand, naringenin, a flavanone, inhibited insulin-stimulated glucose uptake through blocking PI3K activity in the cell line. 17) Therefore, in this study, we investigated the effects of flavonoids on insulin-induced glucose uptake in mouse MC3T3-G2/PA6 adipocytes using a panel of 24 flavonoids, including flavones, flavonols, isoflavones, flavanones, flavanols and flavanonols.
MATERIALS AND METHODS

Materials
The flavones, flavone, apigenin, luteolin and chrysin, the flavonols, kaempferol, quercetin, rutin and morin, the isoflavones, daidzein and genistein, the flavanones, hesperetin, hesperidin and naringenin, the flavanonol, silybin, the flavanols, (ϩ)-catechin and EGCG, fetal bovine serum (FBS) and insulin were purchased from SigmaAldrich Corp. (St. Louis, MO, U.S.A.). The flavone, baicalein, and the flavonols, galangin, myricetin and quercetagetin, were from Extrasynthese (Genay Cedex, France). The flavonol, fisetin, the flavanol, (Ϫ)-catechin, dexamethasone (Dex) and 1-methyl-3-isobutylxanthine (IBMX) were from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Theaflavins (flavanol) were from Kurita Industries (Tokyo, Japan). The structures are shown in Fig. 1 Cell Culture The mouse preadipocyte cell line, MC3T3-G2/PA6, 18) was maintained in a-MEM supplemented with 10% heat-inactivated FBS and 60 mg/ml kanamycin in an atmosphere of 5% CO 2 at 37°C. Differentiation was induced by treating confluent cells with a-MEM containing 0.5 mM IBMX, 0.25 mM Dex and 10% FBS for 4 d. The cells were refed with a-MEM supplemented with 10% FBS every other day for the following 4-6 d.
Inhibitory Mechanisms of Flavonoids on
Glucose Uptake Glucose uptake was measured as described previously. 19) In brief, cells cultured in 24-well plates were incubated in a-MEM containing 0.1% FBS for 24 h at 37°C. Then the medium was changed to Krebs-Ringer phosphate (KRP) buffer and incubation was continued for 2 h at 37°C. Before the cells were exposed to insulin, they were treated or not treated with the indicated concentration of each flavonoid in KRP buffer for 1 h. After incubation with or without insulin (1 mM) for 20 min, 2-deoxy-D- [1- 3 H]glucose (0.5 mCi; final conc.: 71.4 nM) [specific activity; 14.0 Ci/mmol (518 GBq/mmol)] was added, and incubation was continued for 5 min. The cells were washed twice with icecold PBS and then solubilized with 0.1% SDS in 1 N NaOH. The radioactivity incorporated into the cells was measured by liquid scintillation spectroscopy.
Immunoblotting Differentiated MC3T3-G2/PA6 cells cultured in 24-well plates were incubated in a-MEM containing 0.1% FBS for 24 h at 37°C. The medium was changed to a-MEM containing 0.1% FBS and incubation was continued for another 2-4 h at 37°C. Before the cells were exposed to insulin, they were treated or not treated with each flavonoid (10 mM) for 1 h. Then, insulin (1 mM) was added and incubation was continued for an additional 5 min at 37°C. The cells were washed twice with ice-cold PBS and lysed in lysis buffer (400 ml) [20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1 mM ethyleneglycol-bis(b -aminoethylether)-N,N,NЈ,NЈ-tetraacetic acid, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM sodium orthovanadate, 5 mg/ml aprotinin, 5 mg/ml pepstatin A, 10 mg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mM microcystin LR]. The lysate was sonicated and centrifuged (15000 rpm) for 10 min at 4°C. The quantity of protein in the supernatant fraction was normalized against the untreated control, and immunoprecipitation was performed with 20 ml of anti-insulin receptor b-subunit antibody. The enzyme immune complex was washed three times with 0.5 ml of lysis buffer and twice with PBS, and then 100 ml of 1ϫSDS sample buffer [62.5 mM Tris-HCl, pH 6.8, 2% (w/v) sodium dodecyl sulfate, 10% glycerol, 50 mM dithiothreitol, 0.1% (w/v) bromophenol blue] was added. Immunoblotting analysis was performed with anti-phosphotyrosine antibody (pY20).
Differentiated 3T3-G2/PA6 cells pretreated with each flavonoid (10 mM) for 1 h were incubated with insulin (1 mM) for 20 min and the plasma membrane fraction was isolated as described previously.
19) The quantity of plasma membrane protein was normalized against the untreated control, and immunoblotting was performed with anti-GLUT1 and anti-GLUT4 antibodies. Antibody-bound proteins were detected by fluorescence measurement (ECF Western Blotting Kit, Amersham Biosciences) and bands were analyzed with a Ty- Akt Kinase Assay Differentiated MC3T3-G2/PA6 cells pretreated with flavonoids (10 mM) for 1 h were exposed to insulin (1 mM) for 5 min. The cells were lysed in 400 ml of lysis buffer, and the lysate was sonicated and centrifuged. The quantity of protein in the supernatant fraction was normalized against the untreated control, and immunoprecipitation was carried out using 20 ml of anti-Akt1/2 antibody (Santa Cruz). Akt activities were determined using a specific Akt substrate peptide and [g-32 P]ATP as described previously. 20) Statistical Analysis Statistical analysis was done using one-way analysis of variance followed by the multiple range test of Scheffe's F.
RESULTS
Effects of Flavonoids on Insulin-Stimulated Glucose Uptake
We assessed the effect of different classes of flavonoids on insulin-induced 2-deoxy-D- [1] [2] [3] H]glucose uptake in MC3T3-G2/PA6 cells differentiated into mature adipose cells. Among the flavonoids examined at 10 mM, the flavones, apigenin and luteolin, and the flavonols, kaempferol, quercetin and fisetin, significantly inhibited insulin-stimulated glucose uptake ( Fig. 2A ). An isoflavone, genistein, a flavanonol, silybin, and the flavanols, EGCG and theaflavins, also significantly inhibited insulin-stimulated glucose uptake (Figs. 2B, C) . The inhibition by these flavonoids was concentration-dependent ( Figs. 2A-C) . On the other hand, the flavanones, hesperetin, hesperidin and naringenin, did not show any inhibitory effect (Fig. 2B) .
Effects of Flavonoids on Insulin-Stimulated Tyrosine Phosphorylation of Insulin Receptor b b-Subunit
We then evaluated the effect of flavonoids (10 mM) on insulin-stimulated tyrosine phosphorylation of insulin receptor b-subunit (IR-b). Among flavonoids that inhibited glucose uptake, luteolin significantly decreased insulin-stimulated IR-b phosphorylation (Fig. 3A) . Apigenin, kaempferol, quercetin and fisetin also tended to inhibit insulin-stimulated IR-b phosphorylation (Fig. 3A) . On the other hand, none of the isoflavones, flavanols or flavanonols, including genistein, silybin, EGCG and theaflavins, was inhibitory (Figs. 3B, C) .
Effects of Flavonoids on Insulin-Stimulated Activation of the PI3K Pathway To confirm whether flavonoids that inhibited glucose uptake affect the PI3K pathway, we investigated their effects on insulin-stimulated activation of Akt, a pivotal downstream effector of PI3K. At 10 mM, luteolin and kaempferol significantly suppressed insulin-stimulated Akt activation (Fig. 4) . In addition, apigenin, quercetin and fisetin appeared to inhibit insulin-stimulated Akt activation (Fig. 4) . On the other hand, genistein, silybin, EGCG and theaflavins did not affect insulin-stimulated Akt activation (Fig. 4) .
Effects of Flavonoids on Insulin-Stimulated Translocation of GLUT4 to Plasma Membrane We examined the effect of flavonoids on GLUT4 translocation to the plasma membrane induced by insulin stimulation. As shown in Fig.  5 , immunoblotting analysis with anti-GLUT4 antibody indicated that all the flavonoids (10 mM) that inhibited glucose uptake also decreased the insulin-stimulated increase of GLUT4 in plasma membrane, as did wortmannin (100 nM). In contrast, the amount of GLUT1 in the plasma membrane was unaffected by insulin or any flavonoid.
DISCUSSION
We found in this study that the flavones, apigenin and luteolin, the flavonols, kaempferol, quercetin and fisetin, an isoflavone, genistein, the flavanols, EGCG and theaflavins, and a flavanonol, silybin, significantly inhibited insulin-stimulated glucose uptake in MC3T3-G2/PA6 cells differentiated into mature adipose cells. As shown in Fig. 1 , the basic structure of flavonoids is comprised of two benzene rings (A-and B-ring) linked through a heterocyclic pyran or pyrone ring (C-ring) in the middle. The B-ring is usually located at the 2-position of the C-ring. The subdivisions of flavonoids are primarily based on the presence of an oxy group at position 4, a double bond between carbon atoms 2 and 3 (C2-C3 double bond), and the presence of a hydroxyl group at position 3 (3-OH) of the C-ring. Flavones lack 3-OH of the C-ring. However, we found that apigenin and luteolin significantly inhibited insulin-stimulated glucose uptake, as did 3-OH-containing flavonols such as kaempferol and quercetin, suggesting that 3-OH of the C-ring is not important for inhibition of glucose uptake. The lack of inhibitory effect of rutin, which is glycosylated at position 3 of the C-ring of quercetin, may be due to low permeability into the cells, because of the hydrophilic character of o-rutinose. Flavones and flavonols, such as apigenin, luteolin, kaempferol, quercetin and fisetin, all of which were potent inhibitors of glucose uptake, have a hydroxyl group at position 4Ј (4Ј-OH) or at both of positions 3Ј and 4Ј (3Ј,4Ј-OH) of the B-ring and a C2-C3 double bond. Loss of the B-ring hydroxyl group (chrysin, baicalein and galangin), or a greater degree of hydroxyl substitution (myricetin), or substitution at a different position (morin) resulted in loss of the ability to inhibit insulin-stimulated glucose uptake. Thus, it appears that the position of hydroxyl substitution (4Ј-or 3Ј,4Ј-OH) in the B-ring is important for inhibitory activity on glucose uptake. In addition, naringenin (flavanone), which lacks the C2-C3 double bond of apigenin, did not inhibit insulin-stimulated glucose uptake, suggesting that the C2-C3 double bond also plays an important role. An isoflavone, genistein, inhibited insulin-stimulated glucose uptake, while daizein, which lacks a hydroxyl group at position 5 (5-OH) in the A-ring of genistein, did not. Thus, 5-OH in the A-ring of isoflavones also seems to be involved in the inhibition of glucose uptake, though it is absent in the inhibitory flavonol, fisetin. Flavanols, (ϩ)-and (Ϫ)-catechin, which do not have either the oxy group at position 4 or the C2-C3 double bond, did not affect glucose uptake. The relevance of the oxy group at position 4 for inhibition of glucose uptake is not clear. However, EGCG and theaflavins, which contain the galloyl group, showed a strong inhibitory effect. Therefore, the galloyl group was considered to be important for the inhibitory effects of EGCG and theaflavins on glucose uptake. A flavanonol, silybin, significantly inhibited insulinstimulated glucose uptake, although flavanonols also lack a C2-C3 double bond in the C-ring. However, we did not examine other flavanonols here, so it is difficult to relate the inhibitory effect of silybin to its structure. As summarized in B-ring and C2-C3 double bond in the C-ring of flavones and flavonols, 2) 5-OH in the A-ring of isoflavones, and 3) the galloyl group in EGCG and theaflavins.
Insulin signaling is initiated by activation of IR through autophosphorylation, and this, in turn, leads to activation of the IR substrate (IRS) family and related proteins, including PI3K and its downstream targets. 21) Several reports have shown that some flavonoids inhibit RTKs. 11, 12, [22] [23] [24] Our results showed that luteolin significantly suppressed insulinstimulated tyrosine phosphorylation of IR-b. Apigenin, kaempferol, quercetin and fisetin, which inhibited glucose uptake, also tended to inhibit insulin-stimulated IR-b phosphorylation. These findings suggested that the inhibition of glucose uptake by these flavones and flavonols is partly related to the suppression of IR phosphorylation. The presence of 3Ј and 4Ј-OH on the B-ring and C2-C3 double bond in the C-ring of flavones and flavonols is suggested to be critical for inhibitory activity towards protein kinases, including PI3K, PKC, myosin light chain kinase and G type casein kinase. 12, 25, 26) However, the relationship between the structures of flavonoids and the inhibition of RTK activity is controversial.
12,22,23) Our result suggests that the structures of flavones and flavonols are also related to the inhibition of RTK of IR. On the other hand, isoflavones, flavanols, flavanones and flavanonols did not affect insulin-stimulated IR-b phosphorylation. Therefore, the inhibition of glucose uptake by genistein, EGCG, theaflavins and silybin presumably involved other mechanism(s) than the inhibition of IR phosphorylation. Insulin-induced glucose uptake occurs primarily through translocation of GLUT4 to the plasma membrane. Numerous studies have shown that the PI3K pathway is critical for insulin-stimulated GLUT4 translocation. [5] [6] [7] [8] [9] Our previous study also indicated that the PI3K/Akt pathway is closely involved in insulin-stimulated GLUT4 translocation and glucose uptake in differentiated MC-3T3-G2/PA6 cells. 19) Since several flavonoids have been reported to inhibit PI3K, 11, 12, 20) we examined the effects of flavonoids, which inhibited glucose uptake, on insulin-stimulated activation of Akt, a pivotal downstream effector of PI3K. Luteolin and kaempferol significantly inhibited insulin-stimulated Akt activation. In addition, apigenin, quercetin and fisetin also appeared to suppress insulin-stimulated Akt activation. On the other hand, genistein, EGCG, theaflavins and silybin, which did not affect IR phosphorylation, had no effect on insulin-stimulated Akt activation. Agullo et al. 12) showed that the position, number and substitution of the OH groups of the B-ring and the C2-C3 double bond of the C-ring are important factors affecting PI3K inhibition by flavonoids. They also indicated that the potent inhibitors, such as luteolin, quercetin, and myricetin, have 3Ј,4Ј-OH on the B-ring. Quercetin and its analogues also inhibit PI3K.
27) LY294002, a PI3K inhibitor, was synthesized using quercetin as a model. 28) It is likely that the flavones and flavonols inhibit Akt activation through the blocking of PI3K activation. However, the inhibition pattern of Akt activation by these flavones and flavonols is similar to that of IR phosphorylation, suggesting that the inhibition of Akt activation by these flavones and flavonols is involved in blocking of insulin signaling by suppression of IR phosphorylation. We and others have shown that flavonoids, such as quercetin, myricetin, EGCG and theaflavins, inhibited PI3K activation. 11, 12, 20, 29, 30) However, myricetin did not inhibit insulin-stimulated glucose uptake in this study, and the treatment has been reported to increase phosphorylation of IR, IRS-1 and Akt in soleus muscle of fluctose chow-fed rats and obese Zucker rats. 31, 32) Although quercetin has been shown to compete with ATP at its binding site, 12, 27) the treatment with a concentration at 10 mM with mouse epidermal JB6 cells did not directly inhibit PI3K activation. 29) EGCG is known to inhibit gluconeogenesis through activation of PI3K-dependent pathway in hepatocytes. 33) EGCG also stimulates activation of endothelial nitric oxide synthase (eNOS) through activation of PI3K/Akt pathway. 34) These findings suggest that the modification of PI3K activation by flavonoids is different for concentrations, cell types, and classes of stimulants.
Interestingly, we found that all the flavonoids that inhibited glucose uptake suppressed insulin-stimulated GLUT4 translocation into plasma membrane. This result is consistent with a finding in mouse 3T3-L1 adipocytes treated with genistein. 15) Strobel et al. 16) also suggested that myricetin, quercetin and catechin-gallate inhibit glucose uptake through direct interaction with GLUT4. It is suggested that the inhibition of glucose uptake by genistein, EGCG, theaflavins and silybin occurs through blocking of insulin-stimulated GLUT4 translocation to the plasma membrane. Furthermore, the inhibition of glucose uptake by the flavones and flavonols also seems to be involved in blocking of the GLUT4 translocation in addition to the suppression of IR phosphorylation.
In this study, we found that different classes of flavonoids inhibit insulin-induced glucose uptake in MC3T3-G2/PA6 adipose cells. The important structural features of flavonoids for inhibition of insulin-stimulated glucose uptake are 4Ј-or 3Ј,4Ј-OH on the B-ring and the C2-C3 double bond in the Cring of flavones and flavonols, the 5-OH in the A-ring of isoflavones, and the galloyl group in EGCG and theaflavins. The inhibitory mechanism of flavonoids on insulin-stimulated glucose uptake is suggested to be involved in blocking of GLUT4 translocation to the plasma membrane. Thus, the structures of flavonoids may be important for the interaction with GLUT4. In addition, the flavones and flavonols, apigenin, luteolin, kaempferol, quercetin and fisetin, appeared to inhibit Akt activation through the suppression of IR phosphorylation. Because PI3K/Akt pathway is not only involved in glucose transport but also in glucogen synthesis, protein synthesis and cell survival, [35] [36] [37] the results in this study explain, in part, structure-activity relationship of flavonoids for modulation of insulin's action.
